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Modern-days CMOS-based computation technology is reaching its fundamental limitations. The 
emerging field of magnonics, which utilizes spin waves for data transport and processing, proposes a 
promising path to overcome these limitations. Different devices have been demonstrated recently on 
the macro- and microscale, but the feasibility of the magnonics approach essentially relies on the 
scalability of the structure feature size down to an extent of a few 10 nm, which are typical sizes for 
the established CMOS technology. Here, we present a study of propagating spin-wave packets in 
individual yttrium iron garnet (YIG) conduits with lateral dimensions down to 50 nm. Space and time 
resolved micro-focused Brillouin-Light-Scattering (BLS) spectroscopy is used to characterize the YIG 
nanostructures and measure the spin-wave decay length and group velocity directly. The revealed 
magnon transport at the scale comparable to the scale of CMOS proves the general feasibility of a 
magnon-based data processing. 
 
INTRODUCTION  
The further scaling of CMOS-based computation technologies is increasingly costly and challenging due 
to several fundamental constrains, which arise from both, technological and physical limitations (1). 
To allow for further progress, the field of spintronics aims to complement CMOS by taking advantage 
of the spin degree of freedom to generate and control charge currents (2). However, a different 
approach to tackle these challenges and avoid electric currents can be found in the field of magnonics, 
which proposes a wave-based logic for more-than-Moore computing by utilizing spin waves to carry 
the information instead of electrons (3–6). The phase of a spin wave offers an additional degree of 
freedom enabling efficient computing concepts, which typically rely on the interference of coherent 
spin waves. In addition, spin waves possess readily accessible nonlinear phenomena which can be 
utilized to perform logic operations (7–9) and to realize novel computing devices. A variety of spin-
wave based devices has already been realized on the macro- and microscale (3, 5, 6, 9–18), pushing 
partially into the nanoscale with structure sizes of a few 100 nm extent (19–21). However, a significant 
milestone on the path towards the development of magnonic circuits is the final advance to the sub-
100 nm scale. In particular, yttrium iron garnet (YIG), the go-to material of magnonics which provides 
the lowest known spin-wave damping, is lacking this push to the nanoscale due to its complicated 
crystallographic structure (22) featuring a unit cell size of 1.2376 nm (23). Recently, we reported on 
the fabrication of sub-100 nm wide YIG nanostructures and the investigation of the uniform precession 
mode in them, developing an extended theoretical model describing the spin-wave dispersion in 
nanostructures (24), which takes an unpinning of the lateral mode profile for small aspect ratios into 
account. Nevertheless, neither propagating spin waves, which allow for the transport of information, 
nor the impact of the structuring process on their propagation have yet been investigated in structures 
of sub-100 nm lateral sizes. 
In this letter, we report on the investigation of propagating spin waves in individual YIG magnonic 
conduits with lateral sizes down to 50 nm. Spin waves are excited continuously or pulsed using a micro-
antenna and micro-focused Brillouin-Light-Scattering (BLS) spectroscopy is employed to directly 
measure the spin-wave decay length and group velocity. Considering a potential application in 
magnonic circuits the investigations are performed in the Backward-Volume (BV) geometry, which 
corresponds to the natural self-magnetized state of such a conduit to avoid the necessity of large bias 
magnetic fields. The results are compared to the theoretical predictions based on the extended model 
of the spin-wave dispersion in nanostructures (24). The measured spin-wave decay length is found to 
be in agreement with this theory, indicating only a moderate influence of the nanostructuring process 
on the YIG parameters. Moreover, the decay length in the smallest investigated structure is twice 
larger than the expected theoretical value of the excited dipolar spin waves, assuming a possible 
contribution of short-wavelength exchange waves to the detected BLS signal. 
RESULTS AND DISCUSSIONS 
Sample fabrication and theoretical description 
As a basis for the structuring procedure, a thin (111) YIG film with a thickness of t = 44 nm is used, 
which is grown on top of a 500 µm thick (111) Gadolinium Gallium Garnet (GGG) substrate by Liquid 
Phase Epitaxy (LPE) (25, 26). A preliminary characterization by stripline Vector-Network-Analyzer 
ferromagnetic resonance (VNA-FMR) spectroscopy (27, 28) is performed to obtain the fundamental 
magnetic properties. The measurement, shown in Supplementary Fig. S1, yields a saturation 
magnetization of 𝑀s = (140.7 ± 2.8) kAm  and a Gilbert damping parameter of 𝛼 = (1.75 ± 0.08) ×10−4. These values are common for high-quality YIG thin films (25, 26). Thereafter, the nanostructuring 
process is carried out by utilizing a hard mask ion beam milling procedure (Supplementary Fig. S2) to 
fabricate various YIG waveguides with widths ranging from w = 5 µm down to w = 50 nm. Subsequently, 
a coplanar waveguide (CPW) antenna is fabricated on top of the waveguides which allows for the 
excitation of spin waves by applying a radiofrequency (RF) current. An in-detail description of the entire 
nanostructuring procedure is given in the Methods and Supplementary Sec. S2. Figure 1A shows 
scanning electron microscopy (SEM) micrographs of the smallest fabricated structure with w = 50 nm. 
 Fig. 1. Schematic overview of the experimental configuration and SEM-micrographs of the smallest structure under 
investigation. (A) The YIG waveguides are magnetized along the long axis (BV geometry) with an external magnetic field of 
µ0Hext = 55 mT.  A radio-frequency (RF) current is applied to a coplanar waveguide antenna (CPW) on top of the waveguide 
and propagating spin waves are excited. Frequency, spatial and time resolved scans are performed via micro-focused BLS. 
The width w of the structure is defined using the visibly unharmed core, since it can be assumed that the magnetic properties 
of the edges are significantly alternated due to the exposure to the ion bombardment. (B) Theoretical BV spin-wave dispersion 
relations for YIG-waveguides with a respective width of w = 1000 nm, 300 nm and 50 nm. (24). kCPW denotes the wavevector 
at which the CPW antenna possesses the largest excitation efficiency. 
For the theoretical description of the system, the BV geometry spin-wave dispersion has to be 
considered (24): 
  𝜔 = √(𝜔H + (𝜆2𝐾2 + 𝐹𝑘𝑥zz)𝜔M) × (𝜔H + (𝜆2𝐾2 + 𝐹𝑘𝑥yy) 𝜔M) , (1) 
where 𝜔M = 𝛾µ0𝑀s, 𝜔H = 𝛾𝐵 = 𝛾µ0𝐻ext due to a negligible demagnetization along the x-direction 
and 𝜆 = √ 2𝐴exµ0𝑀s2 with the exchange constant Aex and the vacuum permeability µ0. Moreover, 𝐹𝑘𝑥zz and 𝐹𝑘𝑥yy denote the dynamic demagnetization tensor components out-of-plane (z-direction) and in-plane 
perpendicular to the waveguide (y-direction) and 𝐾2 = 𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 is the total wavevector. In a 
confined system, the phenomenon of pinning takes place caused by the dipolar interaction which can 
be taken into account by introducing an effective width weff > w of the structure (29, 30). Thus, 
considering only the fundamental width mode, ky can be written as 𝑘𝑦 = 𝜋𝑤eff. For a decreasing 
structure size, the contribution of the exchange interaction will increase and eventually dominate over 
the dipolar interaction. This will lead to an effective unpinning of the system described by the fact that 
weff tends to infinity (𝑤eff → ∞) beyond this so-called unpinning threshold, as it is shown in 
Supplementary Fig. S3. A comprehensive description of this matter was recently given in (24). It should 
be noted that, since the thickness of the investigated film is very small, the modes are always unpinned 
in z-direction, hence 𝑘𝑧 = 𝑝𝜋𝑡 . Here, p denotes the mode number of these so-called perpendicular 
standing spin-wave (PSSW) modes. To summarize: 
  𝐾2 = 𝑘𝑥2 + ( 𝜋𝑤eff)2 + (𝑝𝜋𝑡 )2. (2) 
The experimental investigation of the spin-wave dynamics is carried out using micro-focused BLS by 
focusing a laser beam on top of the waveguides and analyzing the inelastically scattered light, while a 
small external magnetic field µ0Hext is applied in x-direction parallel to the long axis of the waveguide 
(BV geometry). Frequency, spatial, and time resolved measurements of the spin-wave intensity are 
performed (31) as it is schematically illustrated in Fig. 1A.  
Measurement of the thermal population 
Since BLS is also sensitive to incoherent magnons, the thermal population of the magnon dispersion 
can be measured. Figure 2A shows such an exemplary measurement for a YIG waveguide of w = 1000 
nm. Two peaks are detected which correspond to the fundamental waveguide mode and the first PSSW 
mode. Performing a field dependent measurement and using Eq. (1) to fit the frequency of the PSSW 
mode´s intensity maximum, with the approximation of 𝑘𝑥 = 0, gives access to the exchange constant 
Aex as a fitting parameter. The results presented in Fig. 2B show no significant dependency on the 
structure width, which indicates an insignificant influence of the nanostructuring process. An average 
exchange constant of 𝐴ex = (4.22 ± 0.21) × 10−12 Jm can be extracted, which is within the typical 
range for YIG (32, 33). In addition, a decline of the PSSW mode intensity is observed which denies the 
extraction of the PSSW mode frequency below a width of w = 200 nm, which is further discussed in 
Supplementary Sec. S4. 
 
Fig. 2. Measurement of the thermal spin-wave population and determined exchange constant. (A) Exemplary thermal BLS 
spectra in the absence of any microwave excitation for a w = 1000 nm YIG waveguide. A field dependent measurement of the 
perpendicular standing spin-wave (PSSW) modes frequencies allows for the determination of the exchange constant 
according to Eq. (1) (B) Extracted exchange constant Aex in dependency of the structure width w. No significant dependency 
is found, which indicates an insignificant influence of the nanostructuring process. 
Using the extracted exchange constant, the dispersion of the fundamental mode can be calculated 
based on Eq. (1), as it is exemplarily shown in Fig. 1B for the investigated waveguides with a respective 
width of w = 1000 nm, 300 nm and 50 nm. Furthermore, the expected group velocity vg can be 
calculated as the derivative of the dispersion and moreover, assuming an unchanged Gilbert damping 
constant, the expected decay length λD can be derived. An overview for different investigated structure 
widths is given in Supplementary Fig. S5. In the following, these theoretical predictions are compared 
to the experimentally measured spin-wave spectra. 
Spin-wave spectra and decay length 
To acquire the respective spin-wave spectrum for each structure width, a RF current is applied to the 
CPW antenna to excite spin waves. Using micro-focused BLS, the spin-wave intensity is measured in 
the center of the waveguide close to the edge of the CPW. Sweeping the applied RF frequency fex yields 
the spectrum, as it is exemplarily shown in Fig. 3A - C (solid black lines) for structure widths w = 1000 
nm, 300 nm and 50 nm. The theoretical spin-wave spectrum (dashed black lines in Fig. 3A - C) is 
calculated from the excitation efficiency of the CPW antenna (Supplementary Fig. S5) and the spin-
wave dispersion. For larger structure sizes, a good qualitative agreement between theory and 
experiment is found. However, a frequency shift is observed, which increases for decreasing structure 
size (see Supplementary Fig. S7) to approximately 200 MHz for the smallest structures. A potential 
cause for this shift can be found in the increasing influence of laser heating for decreasing structure 
size. An influence of the structuring process cannot be excluded either. Additionally, in Fig. 3C an 
unexpectedly broad spectrum is observed. This is an indicator for a nonlinear behavior of the spin 
waves and the appearance of a nonlinear shift due to a high magnon density which would also lead to 
a downshift of the measured spectrum (9, 34–36).  
 
Fig. 3. RF-excitation spectra and decay length measurements. (A) - (C) Measurement (solid lines) in comparison to the 
theoretical calculation (dashed lines) of the excited spin-wave spectra close to the CPW (black) and in a certain distance to 
the CPW (red) for w = 1000 nm, 300 nm and 50 nm and µ0Hext = 55 mT. (D) - (F) Spin-wave intensity integrated across the 
width of the waveguide vs. the propagation distance along the waveguide. An exponential fit according to Eq. (3) yields the 
decay length λD. The excitation frequency is selected from (A) - (C) by choosing the spin waves which exhibits the highest 
intensity after a certain propagation distance. This frequency is marked by the vertical dashed black line in (A) - (C). 
In the following, the decay length λD is extracted from the experiment. This parameter is crucial 
considering any application of spin waves, since it defines the range of information transport and 
determines the energy consumption of devices.  
Depending on the chosen excitation frequency and the excited mode, the decay length might vary due 
to a change in group velocity and lifetime. To select the frequency which possesses the largest decay 
length, a second spectrum (Fig. 3A - C solid red line) is acquired in a certain set distance to the edge of 
the CPW antenna. The intensity maximum of this spectrum is shifted to the frequency of the wave 
which has the best trade-off between velocity and propagation losses and thus, the largest decay 
length within the accessible excitation regime. This frequency fλD, marked by a vertical dashed black 
line in Fig. 3A - C, is used for further investigation. A spatial resolved 2D-scan across and along the 
waveguide is performed while spin waves with fλD are continuously excited. Integrating the measured 
intensity across the width results in the decay graphs shown in Fig. 3D - F. To describe the observed 
decrease, an exponential decay according to 𝐼(𝑥) = 𝐼1 exp (2𝑥𝜆D) + 𝐼0 
 
(3) 
can be fitted. Here, I1 denotes the initial intensity, x the position along the waveguide and I0 the offset 
intensity due to the background of thermal spin waves. The results are displayed in Fig. 3D - F. For w = 
1000 nm the decay length is found to be λD = (12.0 ± 1.2) µm. For smaller structure widths, a decrease 
to λD = (4.6 ± 1.1) µm for w = 300 nm down to λD = (1.8 ± 0.4) µm for w = 50 nm is observed. The 
appearance of nonlinear effects, as seen in Fig. 3C, might influence these measurements. This is due 
to the fact that they constitute an additional loss channel for the initial spin wave, hence the presented 
results can be understood as a lower limit estimation. In fact, the observed decay lengths already fulfill 
the fundamental requirement regarding the realization of nano-scaled magnonic logic circuits, which 
is the information conservation on the length scale of the respective logic gate. Moreover, the 
potential circuit complexity, which can be defined as the decay length over the feature size RPCC = λD/w, 
increases from RPCC = 12 for w = 1000 nm to RPCC = 36 for w = 50 nm (see Fig. 3D,F and Supplementary 
Fig. S8). Hence, with decreasing structure size more advanced logic operations can be achieved without 
the need of intermediate amplification of the spin waves. 
In the following, the measured decay lengths are compared to the theoretical expectation. The 
experimental results for all investigated structure widths are shown in Fig. 4A (black dots) and confirm 
the observed decline of the decay length. One can calculate the theoretical expectation (see 
Supplementary Fig. S5) under the assumption that the Gilbert damping parameter remained 
unchanged during the structuring process. For further comparison, the maximum of the theoretically 
expected decay length, within the accessible wavevector excitation regime, is extracted and plotted in 
Fig. 4A (red dots solid line). The theoretical values describe the results reasonably well, but are slightly 
smaller than the experimental data for larger structure widths above w = 1000 nm. This discrepancy 
might be caused by the determination of the initial Gilbert damping parameter. Since the used method 
essentially probes a large sample area also inhomogeneities are included which might lead to an 
overestimation of the damping, whereas a local measurement in a nanostructure yields a damping 
closer to the real intrinsic value (19). Furthermore, the experimental data shows a quasi-saturation 
level below w = 100 nm, whereas the theory decreases monotonously. A careful analysis has to be 
made to exclude that the observed saturation level is a measurement artifact, since the direct 
excitation by the CPW antennas far field can mimic an exponential decay. This influence is ruled out 
by theoretical estimations as discussed in Supplementary Sec. S5 and by extracting the group velocity 
from time resolved measurements, as discussed below. 
 
 Fig. 4. Measured decay length and group velocity in dependency of the structure width. (A) The observed decay length 
decreases with decreasing structure width. Comparing to theoretical calculations, a reasonable agreement is found which 
indicates an intrinsic origin, found to be the group velocity, rather than a loss of quality during the structuring process. (B) 
This is verified by confirming the theoretical expectations for the group velocity by employing time-resolved micro-focused 
BLS. 
Spin-wave group velocity 
Both, the theoretical calculation and the experimentally observed decay length, show a reasonable 
accordance, which indicates only a moderate influence of the structuring process since unchanged 
initial parameters of the YIG have been assumed for the calculations. Therefore, the cause of the 
decreasing decay length is of rather intrinsic nature and can be found in the group velocity vg. The 
dipolar branch of the dispersion flattens successively with decreasing structure size, as it is visible in 
Fig. 1B and Supplementary Fig. 5. Thus, the group velocity, which is the derivative of the dispersion 
relation, decreases substantially and subsequently also the decay length (Supplementary Fig. S5). To 
experimentally validate this assumption, the group velocity is measured directly. By applying 50 ns long 
excitation pulses to the CPW antenna, spin-wave wave packets are excited. Utilizing time-resolved 
micro-focused BLS, the wave packet can be tracked in time and space, which gives access to the group 
velocity. A detailed description of the measurements is given in Supplementary Sec. S8. Figure 4B 
shows the resulting group velocity for several waveguide widths (black dots). A good qualitative 
agreement of experiment and theory is found confirming the theoretical assumptions. Only for 
structures with w < 100 nm the results lie above the expectation, which explains the quasi-saturation 
level of the decay length for those structures. Potentially, during the course of their propagation, the 
wavevector of the observed waves is shifted to the exchange regime which would result in an increased 
group velocity. This can be caused by a frequency downshift of the dispersion due to laser heating, 
whereas two-magnon-scattering provides the mechanism to transform the wavevector while the 
frequency of the spin wave is conserved. An exemplary calculation for w = 50 nm shows that only a 
small frequency shift of 28 MHz is necessary to cause a wavevector transformation from 2.62 rad/µm 
to 10.5 rad/µm (transformation of the wavelength from 2.4 µm to 600 nm) which corresponds to the 
observed group velocity. Nevertheless, these measurements are ultimately proving the propagation 
of spin waves in these nano-conduits, since any kind of direct excitation of the CPW antenna is 
immediately separated by the time resolution. 
CONCLUSION  
To conclude, we presented a study of the propagation of spin-wave packets in individual magnonic 
conduits with lateral dimensions down to 50 nm. Space and time resolved micro-focused Brillouin-
Light-Scattering spectroscopy was used to extract the exchange constant and directly measure the 
spin-wave decay length and group velocity. The decrease of the decay length in dependency of the 
conduit width theoretically predicted by (24) was proven experimentally showing a decrease from λD 
= (12.0 ± 1.2) µm for w = 1000 nm down to λD = (1.8 ± 0.4) µm for w = 50 nm, which indicates only a 
moderate influence of the structuring process on the YIG parameters. The decrease is caused by a 
successive flattening of the dipolar branch of the spin-wave dispersion, due to the interplay of the in-
plane and out-of-plane demagnetization tensor components leading from an elliptical to a circular spin 
precession when approaching an aspect ratio of 1. In spite of the drop in the free path, the potential 
circuit complexity increases by a factor of three from RPCC = 12 to RPCC = 36 rendering nano-waveguides 
more attractive for the construction of magnonic circuits. Surprisingly, the measured free path in a 50 
nm wide waveguide is two times larger than the expected theoretical value of λD = 0.97 µm which is, 
however, in agreement with the unexpectedly high spin-wave group velocity obtained from direct 
measurements. This indicates that fast exchange-dominated spin waves of short wavelengths down to 
600 nm are responsible for the transfer of energy in the smallest waveguides rather than long-
wavelength dipolar waves. The presented demonstration of spin-wave propagation on the nanoscale, 
comparable to the scale of modern CMOS, is a significant milestone on the way towards the 
development of novel magnonic circuits. 
MATERIALS AND METHODS  
Sample fabrication 
A 44 nm thin LPE grown (111) YIG film on a 500 µm thick (111)-oriented GGG substrate was used for 
the fabrication of the nanostructures. Prior to the structuring process, the sample was cleaned by 
means of an ultrasonic bath in acetone and isopropanol. Afterwards an oxygen plasma treatment was 
used to remove any organic residuals. Ti/Au (20 nm/40 nm) alignment marker and structure labels 
were fabricated utilizing a Lift-Off technique with Electron Beam (E-Beam) Lithography and E-Beam 
Physical Vapor Deposition. YIG waveguides of 60 µm length with tapered ends and widths of w = 5 µm, 
3 µm, 2 µm 1 µm, 900 nm, 800 nm, 700 nm, 600 nm, 500 nm, 400 nm, 300 nm, 200 nm, 100 nm, 90 nm, 
80 nm, 70 nm, 60 nm and 50 nm were fabricated using a hard mask ion beam milling procedure. This 
procedure was based on a Cr/Ti stack of 30 nm/15 nm thickness as the hard mask and successive Ar+ 
ion milling under 20°, 70° and 20° incident angle with respect to the film normal. An additional in-detail 
description is given in Supplementary Sec. S2. In a final step ground-signal-ground (GSG) CPW antennas 
were structured on top of the waveguides made from Ti/Au (10 nm/80 nm). The respective width of 
the GSG lines is 400 nm-600 nm-400 nm with a G-S center-to-center distance of 1.1 µm.  
Micro-focused BLS spectroscopy  
The sample is placed in-between the poles of a large electromagnet to provide a variable and spatially 
homogeneous magnetic field. A continuous-wave single-frequency laser operating at 457 nm is 
focused through the substrate of the sample on the respective structure to be investigated using a 
compensating microscope objective (magnification 100x, numerical aperture NA = 0.85). The effective 
laser spot size is approximately 300 nm and the effective laser power on the sample is 2 mW. Analyzing 
the inelastically scattered light using a multi-pass Tandem-Fabry-Pérot interferometer and a single 
photon detector yields the frequency shift of the light and thus, due to momentum and energy 
conversation, the frequency of the magnons. The measured BLS intensity is proportional to the spin-
wave intensity and in-plane spin-wave wavevectors up to 24 rad/µm can be detected. For the 
measurement of the thermal population, the absolute frequency resolution is 150 MHz. A piezoelectric 
driven nano-positioning stage allows for spatial resolved scans by moving the sample with respect to 
the objective and in addition, is used to realize an optical stabilization to compensate thermal drifts. 
Furthermore, using a pulse generator allows for the synchronization of the microwave excitation 
source and the detector output and thus, allows for time resolved measurements. 
SUPPLEMENTARY MATERIALS  
Fig. S1. Results of the VNA-FMR spectroscopy. 
Fig. S2. Schematically depicted nanostructuring process. 
Fig. S3. Effective width. 
Fig. S4. Degradation of the 1st PSSW mode intensity. 
Fig. S5. Overview of the theoretical calculations. 
Fig. S6. Far field excitation of the CPW antenna. 
Fig. S7. Frequency mismatch of the spin-wave spectra. 
Fig. S8. Potential circuit complexity.  
Fig. S9. Exemplary group velocity measurement for w = 1000 nm. 
 
REFERENCES AND NOTES 
 
(1) International Roadmap for Devices and Systems 2017 Edition: More Moore. (IEEE, 2018).  
(2) B. Dieny, I. L. Prejbeanu, K. Garello, P. Gambardella, P. Freitas, R. Lehndorff, W. Raberg, U. 
Ebels, S. O. Demokritov, J. Akerman, A. Deac, P. Pirro, C. Adelmann, A. Anane, A. V. Chumak, 
A. Hiroata, S. Mangin, M. C. Onbasli, M. d´Aquino, G. Prenat, G. Finocchio, L. Lopez Diaz, R. 
Chantrell, O. Chubykalo-Fesenko, P. Bortolotti, Opportunities and challenges for spintronics 
in the microelectronic industry. arXiv:1908.10584 (2019). 
(3) A. A. Serga, A. V. Chumak, B. Hillebrands, YIG magnonics. J. Phys. D Appl. Phys. 43, 264002 
(2010). 
(4) V. V. Kruglyak, S. O. Demokritov, D. Grundler, Magnonics. J. Phys. D Appl. Phys. 43, 264001 
(2010). 
(5) A. Khitun, M. Bao, K. L. Wang, Magnonic logic circuits. J. Phys. D Appl. Phys. 43, 264005 (2010). 
(6) A. V. Chumak, V. I. Vasyuchka, A. A. Serga, B. Hillebrands, Magnon spintronics. Nat. Phys. 11, 
453-461 (2015). 
(7) A. V. Chumak, A. A. Serga, B. Hillebrands, Magnon transistor for all-magnon data processing. 
Nat. Commun. 5, 4700 (2014). 
(8) T. Brächer, P. Pirro, An analog magnon adder for all-magnonic neurons. J. Appl. Phys. 124, 
152119 (2018). 
(9) Q. Wang, R. Verba, T. Brächer, F. Ciubotaru, C. Adelmann, S. D. Cotofana, P. Pirro, A. V. 
Chumak, Integrated magnonic half-adder. arXiv:1902.02855v2 (2019). 
(10) T. Schneider, A. A. Serga, B. Leven, B. Hillebrands, R. L. Stamps, M. P. Kostylev, Realization of 
spin-wave logic gate. Appl. Phys. Lett. 92, 022505 (2008). 
(11) K. S. Lee, S.-K. Kim, Conceptual design of spin wave logic gates based on a Mach-Zehnder-type 
spin wave interferometer for universal logic functions. J. Appl. Phys. 104, 053909 (2008). 
(12) K. Vogt, F. Y. Fradin, J. E. Pearson, T. Sebastian, S. D. Bader, B. Hillebrands, A. Hoffmann, H. 
Schultheiss, Realization of a spin-wave multiplexer. Nat. Commun. 5, 3727 (2014). 
(13) T. Fischer, M. Kewenig, D. A. Bozhko, A. A. Serga, I. I. Syvorotka, F. Ciubotaru, C. Adelmann, B. 
Hillebrands, A. V. Chumak, Experimental prototype of a spin-wave majority gate. Appl. Phys. 
Lett. 110, 152401 (2017). 
(14) F. Heussner, M. Nabinger, T. Fischer, T. Brächer, A. A. Serga, B. Hillebrands, P. Pirro, 
Frequency-division multiplexing in magnonic logic networks based on causticlike spin-wave 
beams. Phys. Status Solidi 12, 1800409 (2018). 
(15) Q. Wang, M. Kewenig, M. Schneider, R. Verba, B. Heinz, M. Geilen, M. Mohseni, B. Lägel, F. 
Ciubotaru, C. Adelmann, C. Dubs, P. Pirro, T. Brächer, A. V. Chumak, Realization of a nanoscale 
magnonic directional coupler for all-magnon circuits. arXiv:1905.12353 (2019). 
(16) P. Pirro, T. Brächer, A. V. Chumak, B. Lägel, C. Dubs, O. Surzhenko, P. Görnert, B. Leven, B. 
Hillebrands, Spin-wave excitation and propagation in microstructured waveguides of yttrium 
iron garnet/Pt bilayers. Appl. Phys. Lett. 104, 012402 (2014). 
(17) M. B. Jungfleisch, W. Zhang, W. Jiang, H. Chang, J. Sklenar, S. M. Wu, J. E. Pearson, A. 
Bhattacharya, J. B. Ketterson, M. Wu, A. Hoffmann, Spin waves in micro-structured yttrium 
iron garnet nanometer-thick films. J. Appl. Phys. 117, 17D128 (2015). 
(18) M. Collet, O. Gladii, M. Evelt, V. Bessonov, L. Soumah, P. Bortolotti, S. O. Demokritov, Y. Henry, 
V. Cros, M. Bailleul, V. E. Demidov, A. Anane, Spin-wave propagation in ultra-thin YIG based 
waveguides. Appl. Phys. Lett. 110, 092408 (2017). 
(19) C. Hahn, V. V. Naletov, G. de Loubens, O. Klein, O. d'Allivy Kelly, A. Anane, R. Bernard, E. 
Jacquet, P. Bortolotti, V. Cros, J. L. Prieto, M. Muñoz, Measurement of the intrinsic damping 
constant in individual nanodisks of Y3Fe5O12 and Y3Fe5O12|Pt. Appl. Phys. Lett. 104, 152410 
(2014). 
(20) M. Schneider, T. Brächer, V. Lauer, P. Pirro, D. A. Bozhko, A. A. Serga, H. Yu. Musiienko-
Shmarova, B. Heinz, Q. Wang, T. Meyer, F. Heussner, S. Keller, E. Th. Papaioannou, B. Lägel, T. 
Löber, V. S. Tiberkevich, A. N. Slavin, C. Dubs, B. Hillebrands, A.V. Chumak, Bose-Einstein 
Condensation of Quasi-Particles by Rapid Cooling. arXiv:1612.07305v2 (2016). 
(21) C. Safranski, I. Barsukov, H.K. Lee, T. Schneider, A.A. Jara, A. Smith, H. Chang, K. Lenz, J. 
Lindner, Y. Tserkovnyak, M. Wu, I.N. Krivorotov, Spin caloritronic nano-oscillator. Nat. 
Commun. 8, 117 (2017). 
(22) V. Cherepanov, I. Kolokolov, V. L'vov, The saga of YIG: Spectra, thermodynamics, interaction 
and relaxation of magnons in a complex magnet. Phys. Rep. 229, 81-144 (1993). 
(23) G. P. Espinosa, Crystal Chemical Study of the Rare‐Earth Iron Garnets. J. Chem. Phys. 37, 2344 
(1962). 
(24) Q. Wang, B. Heinz, R. Verba, M. Kewenig, P. Pirro, M. Schneider, T. Meyer, B. Lägel, C. Dubs, 
T. Brächer, A. V. Chumak, Spin pinning and spin-wave dispersion in nanoscopic ferromagnetic 
waveguides. Phys. Rev. Lett. 122, 247202 (2019). 
(25) C. Dubs, O. Surzhenko, R. Linke, A. Danilewsky, U. Brückner, J. Dellith, Sub-micrometer yttrium 
iron garnet LPE films with low ferromagnetic resonance losses. J. Phys. D: Appl. Phys. 50, 
204005 (2017). 
(26) C. Dubs, O. Surzhenko, R. Thomas, J. Osten, T. Schneider, K. Lenz, J. Grenzer, R. Hübner, E. 
Wendler, Low damping and microstructural perfection of sub-40nm-thin yttrium iron garnet 
films grown by liquid phase epitaxy. arXiv:1911.09400v1 (2019). 
(27) S. S. Kalarickal, P. Krivosik, M. Wu, C. E. Patton, M. L. Schneider, P. Kabos, T. J. Silva, J. P. 
Nibarger, Ferromagnetic resonance linewidth in metallic thin films: Comparison of 
measurement methods, J. Appl. Phys. 99, 093909 (2006). 
(28) I. S. Maksymov, M. Kostylev, Broadband stripline ferromagnetic resonance spectroscopy of 
ferromagnetic films, multilayers and nanostructures. Physica E 69, 253-293 (2015). 
(29) K. Yu. Guslienko, S. O. Demokritov, B. Hillebrands, A. N. Slavin, Effective dipolar boundary 
conditions for dynamic magnetization in thin magnetic stripes. Phys. Rev. B 66, 132402 (2002). 
(30) K. Yu. Guslienko, A. N. Slavin, Boundary conditions for magnetization in magnetic 
nanoelements. Phys. Rev. B 72, 014463 (2005).  
(31) T. Sebastian, K. Schultheiss, B. Obry, B. Hillebrands, H. Schultheiss, Micro-focused Brillouin 
light scattering: imaging spin waves at the nanoscale. Front. Phys. 3, 00035 (2015). 
(32) S. S. Shinozaki, Specific Heat of Yttrium Iron Garnet from 1.5° to 4.2°K. Phys. Rev. 122, 388 
(1961). 
(33) S. Klingler, A. V. Chumak, T. Mewes, B. Khodadadi, C. Mewes, C. Dubs, O. Surzhenko, B. 
Hillebrands, A. Conca, Measurements of the exchange stiffness of YIG films using broadband 
ferromagnetic resonance techniques. J. Phys. D: Appl. Phys. 48, 015001 (2015). 
(34) P. Krivosik, C. E. Patton, Hamiltonian formulation of nonlinear spin-wave dynamics: Theory 
and applications. Phys. Rev. B 82, 184428 (2010). 
(35) H. G. Bauer, P. Majchrak, T. Kachel, C. H. Back, G. Woltersdorf, Nonlinear spin-wave 
excitations at low magnetic bias fields. Nat. Commun. 6, 8274 (2015). 
(36) R. Verba, M. Carpentieri, G. Finocchio, V. Tiberkevich, A. Slavin, Excitation of propagating spin 
waves in ferromagnetic nanowires by microwave voltage-controlled magnetic anisotropy. Sci. 
Rep. 6, 25018 (2016). 
(37) D. Chumakov, High Frequency Behaviour of Magnetic Thin Film Elements for 
Microelectronics, Technische Universität Dresden (2007). 
(38) V. E. Demidov, M. P. Kostylev, K. Rott, P. Krzysteczko, G. Reiss, S. O. Demokritov, Excitation of 
microwaveguide modes by a stripe antenna, Appl. Phys. Lett. 95, 112509 (2009). 
 
Acknowledgements 
This research has been funded by the European Research Council project ERC Starting Grant 678309 
MagnonCircuits, by the Deutsche Forschungsgemeinschaft through the project DU 1427/2-1, by the 
Collaborative Research Center SFB/TRR-173 “Spin+X” (Project B01) and by the Austrian Science Fund 
(FWF) through the project I 4696-N. B.H. acknowledges support by the Graduate School Material 
Science in Mainz (MAINZ). The authors thank Burkard Hillebrands for support and valuable discussions.  
 
Author contributions 
C.D. fabricated the used YIG film. B.H., B.L., A.M.F., D.B. and S.S. carried out the nanostructuring of the 
sample. B.L. and B.H. acquired the SEM micrographs. M.S and B.H. prepared the measurement setup 
and B.H. conducted all VNA-FMR and BLS measurements and carried out the evaluation. B.H. and Q.W. 
performed all theoretical calculations. B.H. drafted the manuscript with the help of A.V.C., T.B. and 
P.P. The study was supervised by A.V.C, T.B. and P.P. All authors contributed to the scientific discussion 
and commented on the manuscript. 
Supplementary Materials 
Propagation of spin-waves packets in individual nano-sized yttrium 
iron garnet magnonic conduits 
Björn Heinz1,2*, Thomas Brächer1, Michael Schneider1, Qi Wang1,3, Bert Lägel4, Anna M. Friedel1, David 
Breitbach1, Steffen Steinert1, Thomas Meyer1,5, Martin Kewenig1, Carsten Dubs6, Philipp Pirro1 and 
Andrii V. Chumak1,3 
 
1Fachbereich Physik and Landesforschungszentrum OPTIMAS, Technische Universität Kaiserslautern, 
D-67663 Kaiserslautern, Germany. 
2Graduate School Materials Science in Mainz, Staudingerweg 9, D-55128 Mainz, Germany. 
3Faculty of Physics, University of Vienna, Boltzmanngasse 5, A-1090 Wien, Austria. 
4Nano Structuring Center, Technische Universität Kaiserslautern, D-67663 Kaiserslautern, Germany. 
5THATec Innovation GmbH, Augustaanlage 23, D-68165 Mannheim, Germany. 
6INNOVENT e.V., Technologieentwicklung Jena, D-07745 Jena, Germany. 
 
*Corresponding author  
E-Mail: bheinz@rhrk.uni-kl.de 
 
S1 – Preliminary characterization  
A preliminary characterization of the YIG film in use is carried out by means of stripline Vector-
Network-Analyzer ferromagnetic resonance (VNA-FMR) spectroscopy in an in-plane magnetized 
configuration.  A detailed description of this method can be found in (27, 28), here only the applied 
fitting equations and the results are stated: 𝑓FMR = 𝛾√µ0𝐻ext(µ0𝐻ext + µ0𝑀s) , (S1) 
 µ0∆𝐻 = µ0∆𝐻0 + 2𝛼𝑓FMR𝛾  . (S2) 
The influence of any internal in-plane magnetocrystalline anisotropy is neglected as it is expected to 
be rather weak (25). The measurement, depicted in Supplementary Fig. S1, yields a saturation 
magnetization of 𝑀s = (140.7 ± 2.8) kAm , an effective gyromagnetic ratio of 𝛾 = 𝛾2𝜋 = (28.17 ±0.56) GHzT , an inhomogeneous linewidth broadening of µ0Δ𝐻0 = (0.18 ± 0.01) mT and a Gilbert 
damping parameter of 𝛼 = (1.75 ± 0.08) × 10−4. 
 
Fig. S1. Results of the VNA-FMR spectroscopy.  A linear fit according to Eq. S1 of the field linewidth vs. the resonance 
frequency yields a Gilbert damping parameter of  𝛼 = 1.75 × 10−4. Inset: Resonance frequency vs. external magnetic field. 
Using Eq. S2 the saturation magnetization of  𝑀𝑠 = 140.7 𝑘𝐴𝑚  is extracted. 
S2 – Nanostructuring procedure  
Here, an in-detail description of the nanostructuring process is given which is based upon a hard-mask 
ion beam milling procedure and is depicted schematically in Supplementary Fig. S2. Prior to the actual 
structuring of the YIG film, the sample is cleaned in an ultrasonic bath using acetone and isopropanol 
and is exposed to an oxygen plasma to remove organic residuals. Then, a double layer of photoresist, 
consisting of a bottom layer of PMMA AR-P 669.04 (dark blue layer) and a top layer of PMMA AR-P 
679.02 (light blue layer), is applied using spin coating, where both layers exhibit a different molecule 
chain length (Panel A). Using Electron-Beam (E-Beam) Lithography the desired structures are written 
into the resist, which alternates the chemical structure of the exposed areas. Due to the different 
molecule chain length the top layer is left with a smaller alternated area than the bottom layer (Panel 
B). In a development step these areas are chemically removed and a resist mask with a so-called 
undercut is generated, which is necessary to guarantee the success of the Lift-Off process later on 
(Panel C). Using E-Beam Physical Vapor Deposition a stack of Cr (30 nm)/Ti (15 nm) is deposited on top 
of the whole sample (Panel D). In a Lift-Off step the resist is removed by acetone and consequently, 
the metal which is on top of the resist. Only the previously exposed areas remain covered by the metal 
and a so-called hard mask is generated (Panel E). In a successive multi-step ion beam milling process, 
the sample is bombarded with Ar+ ions under incident angles of 20°, 70° and 20° with respect to the 
film normal (Panel F). The unprotected YIG, as well as the Ti layer of the mask, are removed by the ion 
bombardment, and only the desired YIG structures and some residual Cr on top of these remain. 
Subsequently, the Cr is removed by a wet etch process using an acid that YIG is inert to (Panel G), 
resulting in the final structure (Panel H).  
 
Fig. S2. Schematically depicted nanostructuring process. (a-c) A resist mask with an undercut is generated by E-Beam 
Lithography. (d-e) Deposition of Cr(30nm)/Ti(15nm) by means of E-Beam Physical Vapor Deposition and a successive Lift-Off 
result in a hard mask. (f-h) After Ar+ ion milling and removal of the residual hard mask the final structure is achieved. 
Although this hard mask procedure is a quite time consuming and complex method, it is superior 
compared to common microstructuring processes directly utilizing a resist mask as a protective layer 
for a milling step. The reason for this lies within the difficulty to fabricate high aspect ratio (height to 
width ratio) masks, which is necessarily the case if the intended structure size decreases to the 
nanometer regime. By utilizing Titanium, which exhibits a much higher etch resistance than any 
polymer resist mask, much thinner masks can be used. Furthermore, using Chromium as an additional 
seed layer allows for an easy removal of the residual mask afterwards. It should be noted that this 
procedure is especially suitable for YIG but might not be utilized for metallic ferromagnets, since it is 
tricky to find an acid with the proper selectivity regarding Chromium and the magnets constituents.   
 
 
S3 – Effective width and unpinning threshold  
Typically, the phenomenon of pinning, caused by the dipolar interaction, is taken into account by 
introducing an effective width weff>w (29, 30). This width corresponds to the imaginary width at which 
a full pinning of the dynamic precession occurs. However, the exchange interaction counteracts this 
tendency and eventually dominates if the width of the respective element is decreased, forcing the 
system into a fully unpinned state. This is shown in Supplementary Fig. S3 using the inverse effective 
width w/weff, which can be understood as a pinning parameter (24). If the system is fully pinned this 
ratio will be equal to 1, whereas the fully unpinned state equals 0. For the investigated waveguides the 
unpinning threshold width is approximately wcrit = 220 nm, marked by the vertical dashed black line in 
Supplementary Fig. S3. 
 
Fig. S3. Effective width. Calculated inverse effective width for all investigated structures vs. the structure´s width to show the 
pinning condition. The system is always fully unpinned below the unpinning threshold width of wcrit = 220 nm, marked by the 
vertical dashed black line. 
S4 – Thermal BLS measurements  
As it can be seen in Supplementary Fig. S4 the observed 1st PSSW mode intensity decreases with 
decreasing structure size. The potential origin can be linked to multiple effects. Especially the BLS 
sensitivity is changed with decreasing structure size, since the effectively probed volume decreases 
drastically for structures smaller than 300 nm (size of the laser spot). In addition, the effective 
scattering cross section has a complex dependency on the mode profile and thus on the width of the 
structure. Furthermore, the slight trapezoidal shape of the structures might lead to the observed 
distortion of the mode, since the thickness is no longer well defined, but alternated. Moreover, a 
potential structural damage due to the nanostructuring process cannot be ruled out. 
 Fig. S4. Degradation of the 1st PSSW mode intensity. Thermal BLS spectra for different structure widths w and an external 
field of µ0Hext = 211.2 mT. A clear drop of the PSSW intensity is observed for decreasing structure size whereas the 
fundamental mode remains unchanged. The spectra are vertically shifted with respect to each other for better visibility. 
S5 – Theoretical calculations  
In this chapter, an overview of the theoretical calculations is given. The dispersion, group velocity and 
decay length for different waveguide widths w shown in Supplementary Fig. S5A - C are calculated 
under the assumption of unchanged initial parameters of the YIG and using the measured exchange 
constant (Fig. 2). Moreover, the amplitude excitation efficiency of the CPW antenna is depicted in 
Supplementary Fig. S5D, which is derived as the Fourier transformation of the total magnetic field 
distribution (Inset Supplementary Fig. S6). For a detailed derivation of the magnetic field, see 
Reference (37). It should be noted that only the out-of-plane (oop) field has to be taken into account, 
since the in-plane field cannot directly excite spin waves in the used measurement configuration. 
Furthermore, the shown excitation efficiency is only proportional to the real excitation efficiency since 
the effective mode profile and the ellipticity of the precession further influence the coupling (38). 
Therefore, a relative comparison between the signal strength of different structures is not possible. 
 Fig. S5. Overview of the theoretical calculations. (A) Dispersion, (B) Decay length under the assumption of an unchanged 
Gilbert damping parameter and (C) Group velocity for an external field of µ0Hext = 55 mT. (D) Calculated out-of-plane (oop) 
field amplitude excitation efficiency of the CPW antenna in use. 
Since the direct excitation by the CPW antennas far field is independent of the structure size and can 
mimic an exponential decay, a careful analysis has to be made to exclude that the measurements of 
the decay length are distorted by this effect. To estimate this influence, the decay of the calculated 
oop-field is fitted with an exponential decay as shown in Supplementary Fig. S6, which yields a small 
decay length of only λD = 300 nm. Thus, the far field’s influence on the measurements is expected to 
be minor. 
 
Fig. S6. Far field excitation of the CPW antenna. An exponential fit of the oop-field yields a small decay length of 300 nm due 
to the field confinement of the CPW configuration, hence the influence on the measurements is expected to be minor. Inset: 
Total field distribution of the oop-field. The shaded areas mark the CPW antenna. 
S6 – Frequency mismatch 
Supplementary Fig. S7 shows the frequency of the measured and calculated spin-wave spectra. The 
frequency mismatch increases with decreasing structure size to approximately 200 MHz for w = 50nm. 
 Fig. S7. Frequency mismatch of the spin-wave spectra. Frequency of the maximum intensity of measured and calculated 
spin-wave spectra for all investigated waveguide widths w. 
S7 – Potential circuit complexity 
The ratio RPCC = λD/w can be understood as a normalization of the decay length with the feature size of 
the respective structure and is used to define the so-called potential circuit complexity. This is based 
on the following consideration: Assuming, based on the feature size, a grid with 𝑤 × 𝑤 cell size, a larger 
potential circuit complexity allows for a longer wiring within a single decay length and thus allows for 
more complex logic operations without the need of additional amplification. In Supplementary Fig. S8 
the potential circuit complexity for all investigated structure widths is shown. 
 
Fig. S8. Potential circuit complexity. An increasing potential circuit complexity is observed for decreasing structure size. 
S8 – Measurement of the group velocity 
The group velocity is measured by exciting spin-wave wave packets in a pulsed manner and tracking a 
distinct spin-wave mode along the waveguide by micro-focused time resolved BLS spectroscopy. To do 
so, a pulsed excitation spectrum is acquired close to the CPW antenna by applying 50 ns long 
microwave pulses with varying carrier frequency and the frequency of the intensity’s maximum is 
determined and selected for further investigation. Then, the time resolved spin-wave intensity is 
measured in the center of the waveguide along the propagation direction, as depicted in 
Supplementary Fig. S9. The time corresponding to the respective maximum intensity is defined as the 
peak arrival time. Performing a linear fit of the measurement position vs. the peak arrival time, as 
shown in the Inset in Supplementary Fig. S9 yields the group velocity of the respective spin-wave mode. 
For comparison to the theoretical calculations, the group velocity corresponding to the wavevector of 
the CPW antennas maximum excitation efficiency is assumed to be the wavevector associated with 
the maximum intensity of the frequency spectrum. 
 
 Fig. S9. Exemplary group velocity measurement for w = 1000 nm. Spin-wave wave packets are excited by 50 ns excitation 
pulses and their time traces are measured at different positions along the waveguide. The peak arrival time is defined by the 
maximum intensity which is measured. Inset: A linear fit of the measurement position vs. the peak arrival time yields the 
group velocity of the traced mode. 
